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Abstract
Theuseof limitedorganic resources tobuild resilience todrought in semi-arid regionswas investigated
using systemsmodelling.The study focusedonHalaba inEthiopia, drawingonbiophysical and socio-
economicdata obtained froma surveyof farmsbefore, during andafter the 2015/16ElNiño event.Using a
simpliﬁedweatherdataset to removenoise fromweatherﬂuctuations, a tenyearlyElNiñowas
demonstrated to cause signiﬁcant long-termdegradationof soil, reducing cropyieldsby9%–14%and soil
carbonby0.5%–4.1%;more frequentdroughtswould increase this impact. Farmers inHalabausually apply
manures to soils untreated.Counteracting the impactofElNiñoon soil degradation is possibleby increasing
applicationof untreatedmanure, butwould result in a small net cost due to loss of dung as fuel. By
compostingmanure its recalcitrance increases, allowing soil degradation tobe counteractedwithout cost.
Thebest option investigated, in termsofboth foodand fuel security, for householdswith access towater and
ﬁnancesneeded for anaerobicdigestion (500–2000US$), is tousemanure toproducebiogas and thenapply
thenutrient-richbioslurry residue to the soil. Thiswill result in a signiﬁcantbeneﬁt of over 5000US$per
decade from increased cropproduction and saved fuel costs.However,manyhouseholds are limited in
water andﬁnances; in that situation, themuchcheaperpyrolysis cook-stove (50US$) canprovide similar
economicbeneﬁtswithout theneed forwater. Thebiochar residue frompyrolysis is highly recalcitrant, but
pyrolysis results in loss ofnutrients, somay result in lower yields thanotheruses ofmanures.Thismaybe
counteredbyusingbiochar to capturenutrients fromelsewhere in the farm, suchas fromanimal housingor
compostpits;morework is needed toquantify the impactof treatedbiocharoncropyields.
1. Introduction
Smallholder farmers in low to middle income coun-
tries are particularly vulnerable to extreme weather
conditions, because they are often living with a low
baseline level of income and food security, and have
limited capacity to adopt strategies that adapt to
climate variability and change [1]. The warm phase of
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El Niño Southern Oscillation is associated with a band
of warm ocean water that develops in the central and
east-central Paciﬁc, and causes a shift in atmospheric
and oceanic circulation, reducing rainfall in some
areas while increasing it in others [2]. In June–
September 2015, rainfall inmany parts of Ethiopia was
signiﬁcantly less than normal; precipitation data
indicated that this was one of the worst droughts in
more than 50 years with the drought being exacerbated
by the strong 2015 El Niño event [3]. It is estimated
that 10.2 million people in Ethiopia were subject to
food insecurity during and immediately after the
exceptional drought in 2015 [4]. Here, we use a
combination of socioeconomic and biophysical mea-
surements, taken before, during and after the El Niño
event, to understand how the drought and subsequent
ﬂoods affected household resources in the Halaba
district in the Ethiopian Rift Valley Lakes Basin. We
use a novel systemsmodelling approach to use the data
collected to determine the potential to use organic
resources to build resilience to drought, and attempt
to draw out lessons from this analysis to help increase
preparedness of agricultural communities in Ethiopia
and other low to middle income countries for future
extremes inweather.
2.Materials andmethods
2.1. The study area
A detailed description of the study area, Halaba
Woreda (district) near Hawassa, in the Southern
Nations, Nationalities and Peoples Regional State of
Ethiopia, is given in the supplementary materials
(S1.1) available online at stacks.iop.org/ERL/14/
085004/mmedia. It is classiﬁed as being semi-arid and
experienced an extreme drought during the main
rainy season of 2015, followed by delayed rains in early
2016 and ﬂooding inMay 2016 [3]. Farmers in Halaba
were not the worst affected by drought; during 2015
the area was categorised as ‘stressed’, where other areas
of Ethiopia were categorised as in a state of ‘crisis’ or
‘emergency’ [4]. However, it is an agricultural area
with a high population density, where many farmers
received food aid during 2015, and so there is potential
for careful planning to help communities to ﬁnd their
own ways to cope with extreme weather. Changes to
land management practices are likely to have a greater
impact than in less densely populated but worse
affected areas, where measures are also less likely to
succeed due to the more extreme conditions faced.
Therefore, this study area was selected as an example
location where improved practices could have a high
impact on the food security of both the local andwider
population of Ethiopia.
2.2. Choice of on-farmmeasures to be assessed
Feedback from farmers in Halaba at focus group
discussions and stakeholder workshops suggested that
they do not necessarily need newmethods to cope with
extreme weather events, but instead want to know
which of the existing methods are most likely to
improve their resilience [5]. Therefore, the resilience
building measures considered here are drawn from the
coping strategies already adopted by farmers to deal
with the droughts and ﬂoods experienced over recent
years (table 1). Here, we focus on the use of organic
fertilisers and compare changes in resilience achieved to
the range of potential changes associated with soil and
water conservation measures. Diversiﬁcation of crops
and changes in management practices are beyond the
scope of this paper. Further discussion of the resilience
buildingmeasures used inHalaba is given in S1.2.
2.3. Themodelling approach
2.3.1. Overview
Amodel of the whole farm system was adopted, based
on the ‘Operational Research Assessment Tool for
Organic Resources’ (ORATOR) (S1.3). This simple
but comprehensive model is designed to account for
the impact of different uses of farm resources on soil
organic matter, crop production, animal production,
water use, fuel availability, on- and off-farm labour,
and farm income and expenditure (ﬁgure 1). The
model uses process-based approaches to simulate the
impact of changes in resource management on resi-
lience. Different inputs of organic resources to the soil
affect resource use in the whole system; increased
inputs of carbon to the soil lead to increases in the soil
Table 1.Resilience buildingmeasures to be considered.
Category Practice
Use of organic fertilisers - Increased use of untreated
manures
- Composting
- Anaerobic digestion
- Pyrolysis
Soil andwater conservation
measures
- Soil and stone bunds
- Terracing, fences and drainage
canals
- Stabilising soil andwater con-
servation structures with trees
and grasses
- Strip cropping
- Contour ploughing
-Water pumps for irrigation
- Ponds to storewater
Diversiﬁcation of crops and
management practices
- Planting extramaize for animal
feeds
- Early ploughing
- Planting trees and grasses as for-
age crops
- Early sowing
-Growing earlymaturing crops
-Growing cropswith shorter
growing seasons
- Area closure
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organic matter, which impacts the water holding
capacity and nutrients available in the soil. This affects
crop production, which has an impact on the produc-
tion of animals using feeds produced on-farm, or on
the household expenditure on feed to maintain
animals. The water holding capacity of the soil, and
production of crops and animals all affect the require-
ments for water. The biomass production of crops
determines the amount of crop residues available to
feed to animals, and the availability of crop residues
and dung for use as fuels. This impacts the labour or
ﬁnancial resources required to obtain additional fuels,
such as wood or charcoal. The requirement for labour
is also determined by water use, crop selection and the
animals maintained on the farm. This has an impact
on the amount of labour available for off-farm
activities. The income and expenditure of the farm are
a function of the purchases made by the household,
such as food, feed, fuel and fertilisers, and the labour
and products available within the household for sale,
such as grain,milk and animals.
2.3.2. Impact of El Niño inHalaba
The ORATOR model was used to simulate the impact
of El Niño on households in Halaba, using input data
collected from January 2014 to December 2016. The
mean characteristics of soils in Halaba were obtained
from a survey of 196 soil samples collected from
randomly selected farms across four different kebeles
(districts) in Halaba [5, 6] (table 2). Comparison of
mean total soil carbon content in 0–20 cm topsoil
from the surveyed samples with data from the
Harmonised World Soil Database for the ﬁve major
soil types in the area [7] shows close agreement
between average soil carbon contents (36 and
37 t ha−1, respectively), providing conﬁdence that the
surveyed soils are representative of the soils found in
Halaba. The use of these data within the model to
simulate the impacts of the El Niño effect is described
inmore detail in S1.3.1 and S.1.3.2.
2.3.3. Increased use of organic fertilisers
The potential impacts of increased application of
organic fertilisers, applied as untreated animalmanure
(fresh waste), composts, bioslurry produced by anae-
robic digestion or biochar produced by pyrolysis, were
calculated using the simulations of the impact of El
Niño in Halaba as the baseline. It was assumed that
farmers could only apply up to the amount of manure
available on their farms; the option to buy in or
otherwise obtain organic wastes from neighbours or
other sources was not considered. This equated to
3.1 t yr−1 applied over the area of land holding
(1.0±0.5 ha−1), giving an average potential applica-
tion rate of 3.1 t ha−1 yr−1, but with 0.4 t yr−1
currently being used for cooking fuel (S1.3.3). The
carbon and nitrogen content and recalcitrance of
the organic wastes were determined according to the
treatment method (S1.3.3). The impact on available
Figure 1.The structure of theORATORmodel.
Table 2.Characteristics of soils inHalaba (depth 0–20 cm)
measured in 196 soil samples collected from farms inHalaba
[5, 6] and used as inputs to theORATORmodel.
Parameter Mean Standard error
Organic carbon, PC (%) 1.61 0.04
Bulk density, Dbulk (g cm
−3) 1.12 0.01
Total carbona,Cmeas (t ha
−1) 36.06 0.008
Clay,Pclay (%) 12.8 0.3
Sand, Psand (%) 39.7 0.7
pH inwater, SpH,w 6.89 0.04
pH inbCaCl2, SpH 6.15 0.04
Note. Shaded values are calculated from the other parameters.
Values are calculated as described in
a Equation (1) of online supplementarymaterial.
b Equation (12) of online supplementarymaterial.
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fuel, labour and household expenditure of applying
differently treated organic wastes to the soil was
calculated as detailed in S1.3.4.
2.3.4. Installation of soil and water conservation
structures
Site speciﬁc simulation of the impact of soil and water
conservation structures on erosion requires detailed
information on climate erosivity, soil erodibility,
topography (slope length and steepness), and land use
and management, which is not all available for the
households surveyed in Halaba [8]. The potential
reduction in soil carbon loss was instead calculated
from the estimated soil losses by erosion, the observed
reduction in erosion that can be achieved using soil
and water conservation structures, and the carbon
content of the eroded soil. This was calculated as
described in S1.3.5, using carbon contents of soils
drawn from table 2.
3. Results and discussion
3.1. The impact of ElNiño inHalaba
3.1.1. Crop production
Production compared to the previous decade for ﬁve
major crops grown in Halaba shows a complex
picture, with variation in weather conditions between
years resulting in year-on-year differences in yield
superimposed on the impacts of El Niño; nevertheless,
analysis of the results shows a signiﬁcant decadal
reduction in crop production of 2.2%. If the noise in
the weather data is removed by running simulations
assuming 2014 represents steady state, so using 2014
weather and yield data for the year before and after El
Niño, the impacts of El Niño can be separated out
from the noise in weather and a clearer picture
emerges, with a decadal reduction in production
averaging 12% (ﬁgure 2), and a reduction in revenue
of 404US$ ha−1 (11%) formaize, 790 US$ ha−1 (13%)
for teff, 387 US$ ha−1 (9%) for pepper, 572 US$ ha−1
(14%) for sorghum, and 753 US$ ha−1 (13%) for
wheat. This indicates that a signiﬁcant long-term
(decadal) negative impact on production and revenue
can be attributed to El Niño for the ﬁve major crops
grown in Halaba. If other years of weather data had
been used to represent the steady state, the decadal
reduction in production would have been different;
the results are presented here for 2014, as this is the
year that the soils were sampled and crop yields were
measured, so provides the most realistic representa-
tion of the state of the system.
3.1.2. Factors contributing to loss of production
Depending on rooting depth and growing season,
there are large differences in 2015 and 2016 compared
to 2014 in plant available nitrogen and water stress;
differences in growing degree days are relatively small
(ﬁgure 3).
By disregarding each of these three factors in turn,
it emerges that in 2015, the reduction in yield is attri-
butable to water stress, whereas in 2016, nitrogen lim-
itation plays a more important role (ﬁgure 4); the
model suggests this is due to nitrogen being lost by
leaching during the period of heavy rainfall in 2016.
Unfortunately, no local measurements exist to con-
ﬁrm this result. The increase in the 2016 pepper yield
can be attributed to the crop being planted earlier than
other crops, giving it access to the higher early-season
rainfall (April–May). This is reﬂected in the positive
response of production to water stress in 2016 for pep-
per (ﬁgure 4(b)). Note the model takes no account of
losses of yield that might occur due to the crop being
damaged byﬂoods.
3.1.3. Soil organicmatter
The reduction in crop production, results in reduced
plant inputs to the soil (ﬁgure 5), causing a decline in
soil organicmatter, as represented by the change in soil
carbon (ﬁgure 6). Again, when real weather data is
used from 2005 to 2016, the picture is noisy; a
reduction in carbon that persists for more than a
Figure 2. Simulated production of ﬁvemajor crops grown inHalabaDistrict compared to 2014. Crops growing on soils withmean
surveyed characteristics (table 2). Rainfall and air temperature used in steady state and post El Niño simulationswere obtained from
records for 2014. Actual weather datawere used for years when ElNiño effects were seen in 2015 and 2016.
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decade is apparent, although not all of this is attribu-
table to the El Niño event. When the noise is removed
by using 2014 weather data for the steady state and the
post El Niño run, a sharp decline is seen in soil carbon
in both 2015 and 2016, which remains 0.2 t ha−1
(pepper) to 1.5 t ha−1 (sorghum) below the 2014 soil
carbon content at the end of the decade. Although this
is a small percentage decline in soil carbon (0.5%–4.1%
of the carboncontent in 2014), it represents a long-term
degradation of the soil resource. If left uncorrected by
improved management, this will result in a permanent
degradation of soil and reduced productivity of the
farm. Furthermore, if the frequency (or severity) of
future El Niño events increases, the soil carbon content
will have less time to recover and the decadal decline
will be even greater (ﬁgure 7).
3.2. Increased use of organic fertilisers
3.2.1. Untreated animalmanure
The change in soil carbon per decade with increasing
application of untreated animal manure is shown in
ﬁgure 8. This plot reﬂects two effects; the direct impact
of adding carbon to the soil, and the indirect impact of
increasing available nitrogen on the plant inputs to the
soil. Therefore, at lower rates of manure application,
the slope is higher due to themanure replacing the lost
nitrogen that is limiting crop yield; this is particularly
apparent in sorghum which remained limited in
Figure 3. Factors contributing to simulated reduced crop production in 2015 and 2016 compared to 2014; (a)plant available nitrogen,
calculated as the sumof nitrate and ammonium simulated in the soil during the growing season, (b) growing degree days, calculated as
the sumof air temperature greater than 5 °Cduring the growing season, and (c)water stress index, calculated as the average ratio of
actual to potential evapotranspiration during the growing season subtracted from 1 (so that a larger number indicatesmorewater
stress; nowater stress=0,maximumwater stress=1). If no bar is visible, the water stress was 0.
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nitrogen for longer than the other crops (ﬁgure 6). To
counter the impacts of a 10 yearly El Niño event on soil
carbon in a typical soil in Halaba, between 0.2 and
0.8 t ha−1 yr−1 additional organic manure would need
to be applied, depending on crop type. This is
approximately equivalent to the amount of manure
currently used for cooking fuel (0.4 t yr−1 spread over
1.0 (±0.5) ha=0.3–0.8 t ha−1 yr−1).
Using the dung that is currently required for cook-
ing in a typical farm household to apply to soils repre-
sents a loss of 0.4 t yr−1 cooking fuel with a caloriﬁc
value of 5165MJ yr−1. Using the ratio of cooking
energy provided by dung and fuelwood (0.66—see
S1.3.4), this is equivalent to 0.3 t yr−1 fuelwood. On
average, collecting this amount of fuelwood in Halaba
would require an additional 0.5 (±0.3) hours of
household labour every week. If the farmer instead
needs to buy additional fuelwood, this would cost 19
(±2) US$ yr−1. In households that are already apply-
ing any dung not used for cooking to the soil, the
change in revenue over the decade from crop produc-
tion due to applying this amount of additional manure
Figure 4.Contribution of different factors to change in crop production compared to 2014; (a) 2015; (b) 2016.
Figure 5.Plant input of carbon to soil compared to 2014 for ﬁvemajor crops grown in typical soils inHalaba.
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is small, ranging from 16US$ (maize) to 150 US$ (sor-
ghum). Therefore, in the ﬁrst decade, the overall eco-
nomic impact of applying manures to avoid the soil
degradation associated with a 10 yearly El Niño event
is a small cost, ranging from 40 US$ per decade (sor-
ghum) to 174 US$ per decade (maize) (accounting for
both increased revenue from crops and costs of repla-
cing cooking fuel). The longer-term impacts on soils
Figure 6. Impact of ElNiño on soil carbon formajor crops grown on typical soils inHalaba: for simulations using real weather data
2005–2016, (a) total carbon, (b) change compared to 2014; for simulations using 2014weather data for steady state and post ElNiño
run, (c) total carbon, (d) change in carbon compared to 2014.
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and crop production, and the potential increased
impact of more frequent droughts are given in S2.1.1
and S2.1.2.
3.2.2. Composted animal wastes and crop residues
A wider range of organic waste sources can be applied
to soils ifﬁrst composted, but to provide a conservative
estimate, it was assumed here that the maximum
amount ofmaterial available for composting is equiva-
lent to the manure available on the farm. Composting
organic wastes increases the recalcitrance of organic
matter and increases the availability of nitrogen to the
crops, but also results in a loss of carbon during the
treatment process (S1.3.3). Despite this, less organic
waste is used to produce the compost needed to
counteract the losses in soil carbon due to the El Niňo
event than if untreated animal manure is applied
directly; for a 10 yearly El Niňo event, compost derived
from an average of 0.5 t ha−1 yr−1 organic waste would
need to be applied, compared to 0.6 t ha−1 yr−1 if the
organic waste was applied untreated. Applying all the
manure available on the farm as compost would
sequester 2.3–4.1 t ha−1 of carbon per decade,
compared to only 1.7–3.6 t ha−1 when applied
untreated (ﬁgure 9). Furthermore, the improved
availability of nutrients in the compost results in an
increase in income, from an average cost across all
crops of 124 US$ per decade using fresh waste to a
small beneﬁt of 67 US$ per decade using compost
(accounting for both increased revenue from crops
and costs of replacing cooking fuel). Therefore, by
composting organic wastes instead of applying them
fresh, the potential soil degradation due to a 10 yearly
El Niño event can be countered without a cost to the
household.
3.2.3. Bioslurry from anaerobic digestion
Household anaerobic digestion is usually limited to
cattle or pig manure, although food wastes can also be
used to feed digesters. The digestion process emits
methane, which can be burnt as a cooking fuel, but
therefore also reduces the carbon retained in the
organic fertiliser and returned to the soil (S1.3.3).
However, because the recalcitrance of the organic
matter is increased by digestion, the carbon seques-
tered in the soil is similar to that when the organic
Figure 7. Impact of the frequency of ElNiño events on loss of soil carbon over the decade. Simulations use 2014weather data for
steady state and post ElNiño run and artiﬁcially adjust the frequency of the ElNiño years (2015 and 2016).
Figure 8.Change in soil carbon over the decadewith annual application of untreated animalmanure for ﬁvemajor crops grown in
Halaba. Simulations assume 2014weather data for steady state and post El Niño run.
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waste is applieduntreated (ﬁgure 9). Because thedigester
is a closed vessel, nutrient losses during digestion are
small [9], so the bioslurry delivers greater levels of
available nutrients to the crop than compost. This is
reﬂected in a greater increase than for untreated wastes
or composts in the decadal revenue from crop produc-
tion. This gives a net beneﬁt of 148–1086 US$ ha−1
compared to when no manure is applied, which is
52–412 US$ ha−1 greater than untreated waste, and
26–139 US$ ha−1 greater than compost. Note that these
estimated responses to bioslurry need to be conﬁrmed
in controlled experiments in Ethiopia and Sub-Saharan
Africa.
Added to this are the potential very important
beneﬁts of producing biogas. Digesting 3.1 t organic
waste produces 99–124 m3 yr−1 biogas, providing
12 000–15 000 MJ yr−1 cooking energy, and potentially
reducing costs resulting fromhealth problems associated
with the particulatematter emitted by burning fuelwood
or dung [10]. This is equivalent to 7.7–9.6 t yr−1 ﬁre-
wood, with a value of 509–636 US$ yr−1, or requiring
1.9–2.4 h of labour every day to collect. The survey
indicated that farmers collect or purchase between
1 and 20 t ﬁrewood every year [5, 6], so this will make a
signiﬁcant contribution to the household fuel require-
ment. The combined increase in income compared
to application of untreated waste from crop produc-
tion and savings on ﬁrewood purchases are high;
5142–6772 US$ per decade. However, the feasibility
of achieving these considerable beneﬁts depends on
access to a nearby source of water; assuming the
volume of water needed for anaerobic digestion is
5 dm3 for every kg of manure [11], digestion of
3.1 t yr−1 manure would require 15 500 dm3 yr−1,
equivalent to two jerry cans of water (volume 40 dm3)
per day. A typical family in Halaba takes 1.5 h to col-
lect 20 dm3 water in a non-drought year [5], so it will
take 3 h to collect the additional water needed for the
digester every day. Therefore, accounting for the
potential reduction in woodfuel collection, a typical
household in Halaba will require 0.6–1.1 h every
day to run the digester in addition to time required
for handling the manure. A further constraint is
the ability of the household to invest in the biogas
digester, which in Ethiopia, can cost between 500 and
2000US$, depending on size and design [12].
3.2.4. Biochar from pyrolysis of crop residues
Since most of the crop residues in Halaba are already
used for other purposes, such as animal feeds, the
impact of incorporating biochar produced only from
animal manures will be considered here. Pyrolysis
cook-stoves separate combustible gases (primarily
hydrogen, carbon monoxide and some carbon diox-
ide) from biomass by gasiﬁcation, and then burn these
gases as the fuel, producing a hot ﬂame with a high
thermal efﬁciency (38%–50%) and low emissions of
particulates [13]. Burning carbon monoxide and
carbon dioxide results in a high loss of carbon during
pyrolysis (around 65%) (S1.3.3) [14]. There is some
debate over the recalcitrance of thematerial remaining
[14], which introduces uncertainty in the rate of
sequestration in the soil. However, using best available
information [14], incorporating biochar into the soil
sequesters at least similar quantities of carbon as the
untreated organicwaste (ﬁgure 9).
The loss of nutrients during pyrolysis also tends to
be high, with most of the remaining nutrients tightly
bound in structural sites [9]. As a result, the increase in
productivity compared to no application of manure is
modest, with a decadal increase in revenue of 42–206
US$, and a loss of revenue compared to applying
untreated waste (54–534 US$), compost (80–807 US$)
or bioslurry (91–892US$). However, biochar contains
a large number of ion exchange sites, so there is poten-
tial to use it to deliver nutrients by treating it with
urine or mixing with compost or bioslurry before
application [15]. Furthermore, there is evidence that
Figure 9.Change in soil carbon following a decade of applicationwith differently treated organic wastes, accounting for losses during
treatment and the different compositions of organic wastes following treatment. The line represents the average value and error bars
represent the range of values under theﬁvemajor crops grown inHalaba (maize, teff, pepper, sorghum andwheat).
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especially low temperature biochars produced from
manures can reduce the rate of losses of nitrogen by
ammonia volatilisation from the soil, so crop yields
may be signiﬁcantly higher than predicted here [16].
However, there is some debate in the scientiﬁc litera-
ture [17], and so this is another area of uncertainty that
requires further work in Sub-Saharan conditions.
If the household converted from a traditional to a
pyrolysis cook-stove, with a thermal efﬁciency of
38%–50% [13] compared to a traditional stove of only
11% [18], a pyrolysis cook-stove would provide
4.5–5.9 times more cooking energy than using the tra-
ditional stove. If all the manure available on the farm
was used for cooking on a pyrolysis cook-stove before
incorporation into the soil, this would provide extra
energy for the household equivalent to 8.9–11.8 t yr−1
of fuelwood, with a value of 588–779 US$ yr−1, or
requiring 2.2–2.9 h of labour every day to collect. The
combined increase in income compared to applying
untreated organic waste from changes in crop produc-
tion and savings on ﬁrewood purchases are compar-
able to a biogas digester, 5346–7736 US$ per decade.
Given that pyrolysis cook-stoves cost less than biogas
digesters (∼50US$ [12]), require lessmaintenance and
do not require a water supply, conversion to pyrolysis
cook-stoves may be the more feasible option for both
meeting energy demands and stopping soil degrada-
tion in Halaba. Furthermore, the carbon added to the
soil in biochar is much more recalcitrant than the car-
bon added either as untreated waste, compost or bio-
slurry. Therefore, if soil amendment of organic waste
is stopped, the carbon content of the soil may remain
at a higher level for longer following application of
biochar than following application of untreated waste,
compost or bioslurry (ﬁgure 10). However,more work
is needed to understand the factors controlling aggre-
gation of biochar into a highly degraded soil, where
lack of organic matter may allow biochar to be lost by
erosion.
3.3. Installation of soil andwater conservation
structures
Given a range of soil erosion from20 to 100 t ha−1 yr−1
and a reduction in erosion from 40% to 66% by
implementing soil water conservation structures, the
potential reduction in soil carbon losses in Halaba is
0.62 (±0.5) t ha−1 yr−1, where the error term depends
on the range of erosion rates that occur on sites with
different slopes, soil textures and land uses. The
potential annual changes in soil carbon after using all
organic manure available on the farm are shown in
ﬁgure 11 for the different treatments in comparison to
changes achieved by implementing soil and water
conservation structures. On steep slopes where rates of
erosion are high, the potential carbon savings greatly
exceed the potential carbon sequestration achieved by
applying organic waste. This suggests that soil and
water conservation structures should be installed on
steep slopes before applying organic wastes; not doing
so will result in all the potential soil carbon gain being
washed downhill.
4. Conclusions
4.1. The impacts of ElNiño on land degradation and
livelihoods
The El Niño event during 2015 and 2016 had a
signiﬁcant long-term impact on crop yields and
livelihoods in Halaba, Ethiopia. The largest reduction
in crop yields occurred in 2015, owing to water stress,
but, even without accounting for crops being
destroyed by ﬂoods, in 2016 there was a signiﬁcant loss
of production due to nutrients being washed out of the
soil by the heavy rainfall. This had a knock-on effect on
soil organic matter (expressed as soil carbon), due to
reduced plant inputs. Soil organic matter will remain
at a lower level even ten years after the drought. This
indicates the potential for the El Niño event to cause
long-term soil degradation. Repeated El Niño events
Figure 10. Soil carbon during a decade of application of 2.7 t ha−1 yr−1 organic wastes that have been untreated, composted, digested
or pyrolysed before application, followed by a decadewhere applications are stopped. The line represents the average value and error
bars represent the range of values under theﬁvemajor crops grown inHalaba (maize, teff, pepper, sorghumandwheat).
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will lead to further soil degradation, with increased
degradation associatedwithmore frequent droughts.
4.2. Implications for reversing land degradation and
improving livelihoods
On sloping sites at high risk of erosion, signiﬁcantly
more carbon can be retained in the soil by installing
soil and water conservation structures than can be
provided by the organic fertilisers available. Therefore,
soil water conservation structures should be installed
and maintained as a matter of priority on eroding
slopes before attempting to improve productivity with
organic fertilisers. This is an important ﬁnding
because, although programmes to encourage soil and
water conservation measures have been successfully
implemented in different parts of Ethiopia over the
last ﬁve decades, efforts have focused on common and
highly degraded unfarmed land; implementation on
farmed land has not met expected targets [19]. There-
fore, more effort is needed to install soil and water
conservation structures on farmed land and bring a
larger area of the farm into productive use.
Additional manure should be applied to non-
eroding soils (or slopes with soil and water conserva-
tion structures installed) to reduce degradation due to
El Niño events. Applying the dung currently used in
cooking could counter the impact of El Niño, with
only a small cost to the household due to loss of fuel. If
manure is composted, digested or pyrolysed before
application to increase the recalcitrance of the carbon
in the organic manure, soil degradation can be coun-
tered without a net cost (table 3). The greater recalci-
trance of composted, digested or pyrolysed manure is
well known [6]; the important ﬁnding for resource
limited situations, where competing uses and number
of animals limit the amount of manure available, is
that if the same amount of manure is treated before
application it will provide better soil improvement
with net beneﬁt to the household despite the losses in
carbon and reduction in volume that occurs during
the treatment process.
Figure 11.Comparison of average annual changes in soil carbon occurring over 10 years following introduction of different
management options. Application of all organic waste available on farm (assumed 3.1 t ha−1 yr−1) as freshwaste, compost, bioslurry
or biochar compared to installation of soil water conservation structures. Error bars on organic waste treatments represents the range
of results obtained forﬁvemajor crops grown inHalaba (maize, teff, pepper, sorghum,wheat). The error bar on soil andwater
conservation structure represents the range of potential savings depending on slope, texture and land use type. Simulations assume
consistent weather conditions represented byweather data for 2014.
Table 3. Summary of impacts on household resources of different organic fertiliser
applications needed to counter soil degradation due to ElNiño event.
Freshwastea Compostb Bioslurryc Biochard
Average change across all crops inK
Soil carbon (t ha−1 yr−1) 0.29 0.36 0.25 0.29
Crop prod (%) 9 13 14 3
Water demande (dm3 d−1) 0 0 43 0
Energy (MJd−1) −14 0 330 394
Labourf (h d−1) 0.5 0 0.8 −2.6
Net revenue (US$ yr−1) −124 64 610 676
a Allmanure available applied to soil as freshwaste.
b Only 2.7 ha−1 yr−1 applied to soil as compost and 0.4 t yr−1 used as cooking fuel.
c Allmanure available used to produce biogas and the bioslurry reside applied to the soil.
d Allmanure available pyrolysed to provide energy and the biochar residue incorporated in the
soil.
e Assumednowater used for irrigation as this is not common inHalaba.
f Labour accounting for collection of fuelwood and water only (handling of organic manure is
not included).
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Composted manure has most potential to retain
carbon and nutrients in the soil (table 3). Applying
bioslurry provides a similar amount of nutrients to the
crop as compost, and so similarly improves income
and reduces the impact of ElNiño on crop production.
However, anaerobic digestion also provides biogas to
the household, which will increase decadal income by
over 5000 $US, easily paying back the cost of the diges-
ter within the decade. Therefore, if the household has
access to the ﬁnances and water needed to invest in
and run a biogas digester, this is a better long-term
option than composting.
Applying biochar sequesters similar amounts of
carbon in the soil as applying bioslurry, but loses a
higher percentage of the nutrients during pyrolysis.
Therefore, biochar is a less effective organic fertiliser
than either bioslurry or compost (table 3). However, if
all available animal dung was used as a fuel in a pyr-
olysis cook-stove, the extra fuel available to the house-
hold would have a value of well over 5000 $US per
decade. Furthermore, the carbon in biochar is more
recalcitrant than in bioslurry or compost, and so, as
demonstrated by the simulations where inputs of
organic fertilisers were stopped, applying biochar may
result in more effective long-term improvement of the
soil. The biochar also provides ion exchange sites that
may retain plant available nitrogen, so there is poten-
tial to treat biochar with urine before application to
the soil tomake it amore effective nitrogen fertiliser. If
this can be used to reduce other point source losses of
nutrients within the livestockmanagement system, the
net impact on available nutrients could be positive.
Given the relatively low cost of a pyrolysis cook-stove
(∼50US$), this may be themost cost effective, low risk
option for many households, especially where the
water supply is limited. However, further work is nee-
ded to test particulate emissions from dung-fuelled
pyrolysis cook-stoves to ensure that this does not have
a detrimental impact on indoor air quality, and to con-
sider the suitability of the hot ﬂame produced by pyr-
olysis for the traditional cooking practices used in
Ethiopia. Work is also needed to consider the sub-
sequent use of biochar; if households decide to use the
biochar produced as an additional fuel, rather than
incorporating it into the soil, then carbon and nutrient
returns to the soil will be greatly reduced and soils will
be further degraded.
This work has considered the total availability of
organic resources for reducing soil degradation; in
practice, farmers usually apply more manure to areas
close to the home where they grow more valuable
crops and have easy access, leaving the distant ﬁelds
with lower amendments and so more highly degraded
soils [20]. The greatly reduced volume of all treated
manures, but especially biochar, may encourage
increased use of organic fertilisers in more distant
ﬁelds, so bringing a larger area of land back into agri-
cultural production.
4.3. Recommendations
The key messages for policy makers, extension work-
ers and farmers emerging from this work are as
follows:
1. Soil water conservation measures should always
be installed on erosion vulnerable slopes before
applying manures to avoid wasting this valuable
resource;
2. If extra household energy is not needed, a low-
cost option for countering soil degradation is to
apply organic wastes as composts instead of fresh
wastes;
3. If extra household energy is needed, and the
household has access to the ﬁnances and water
needed to invest in and run a biogas digester,
applying organic waste as bioslurry will provide a
signiﬁcant additional beneﬁt of saved expenditure
on fuel or reduced labour for fuelwood collection;
4. If extra household energy is needed, but the water
or ﬁnances needed for biogas are limiting, apply-
ing organic waste as biochar is a good alternative,
providing a signiﬁcant beneﬁt of saved expendi-
ture on fuelwood. However, measures should be
taken to retain nitrogen from the farming system
in the biochar so that it acts as an effective organic
fertiliser.
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